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Abstract

Objective: To evaluate the alterations of language and memory functions using

dynamic causal modeling, in order to identify the epileptogenic hemisphere in

temporal lobe epilepsy (TLE). Methods: Twenty-two patients with left TLE and

13 patients with right TLE underwent functional magnetic resonance imaging

(fMRI) during four memory and four language mapping tasks. Dynamic causal

modeling (DCM) was employed on fMRI data to examine effective directional

connectivity in memory and language networks and the alterations in people with

TLE compared to healthy individuals. Results: DCM analysis suggested that TLE

can influence the memory network more widely compared to the language net-

work. For memory mapping, it demonstrated overall hyperconnectivity from the

left hemisphere to the other cranial regions in the picture encoding, and from the

right hemisphere to the other cranial regions in the word encoding tasks. On the

contrary, overall hypoconnectivity was seen from the brain hemisphere contralat-

eral to the seizure onset in the retrieval tasks. DCM analysis further manifested

hypoconnectivity between the brain’s hemispheres in the language network in

patients with TLE compared to controls. The CANTAB� neuropsychological test

revealed a negative correlation for the left TLE and a positive correlation for the

right TLE cohorts for the connections extracted by DCM that were significantly

different between the left and right TLE cohorts. Interpretation: In this study,

dynamic causal modeling evidenced the reorganization of language and memory

networks in TLE that can be used for a better understanding of the effects of TLE

on the brain’s cognitive functions.

Introduction

Temporal lobe epilepsy (TLE) is the most common type

of refractory focal epilepsy, for which resection surgery

is an effective solution.1 However, impairment of main

cognitive functions such as memory and language is

among the deleterious side effects of surgery in 30–40%
of cases.

2238 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0001-7978-3201
https://orcid.org/0000-0001-7978-3201
https://orcid.org/0000-0001-7978-3201
http://creativecommons.org/licenses/by-nc-nd/4.0/


The language and memory networks are associated with

temporal regions, and recurrent seizures can, therefore,

change the function and structure of these networks.

These changes are based on the phenomenon of neural

flexibility that can occur in TLE patients over time.2

Reorganization patterns can be more or less cognitively

effective and cause varying degrees of language and mem-

ory impairment in patients with TLE3–5 Therefore, preop-

erative assessments of potential postoperative effects can

be crucial in the diagnosis of the patient’s cognitive status

in order to spare the candidate from the relatively high

risk of cognitive decline arising from the surgery.

The functional competence of TLE structures and

their impact on memory and language functions must

be evaluated in cases involving unilateral temporal resec-

tions including hippocampectomy, amygdalohippocam-

pectomy, and anterior temporal lobectomy. These

structures include the hippocampus, and the Wernicke

area, which is located in the posterior region of superior

temporal gurus and involves language comprehension.

Intracarotid sodium amobarbital procedure (ISAP)

known as the “Wada test” measures the language and

memory functions on one side of the brain at a time,

determines their asymmetry (which brain’s hemisphere

controls the particular cognitive function), and how a

prospective resection would interfere with the given

function. However, ISAP is an invasive procedure that

may cause transient or permanent damage and deficit

and is not always accurate.

Functional MRI is a non-invasive neuroimaging tech-

nique that allows visualizing brain activity by measuring

changes in blood oxygenation level-dependent (BOLD) in

response to cognitive tasks. Cognitive imaging can be per-

formed by recording fMRI data while the participant con-

currently performs a cognitive task, during which specific

brain areas are identified to be involved. It provides

insights into how the brain processes information and

implements cognitive functions including perception,

attention, memory, decision-making, and language

processing.6 Given the essential role of clinical presenta-

tions in diagnostic procedures,7,8 fMRI can be used to

predict cognitive impairments and serves as a reliable

method in preoperative evaluations.9–11 It is an accurate

preoperative diagnosis method with relatively high sensi-

tivity and localizes and lateralizes anatomical regions and

functional networks associated with language and mem-

ory. Task-based fMRI may help reduce the number of

invasive diagnostic procedures required for accurate local-

ization of seizure foci and the extent of damage caused to

memory and language networks. Specifically, the advan-

tage of fMRI compared with the ISAP test is its ability to

localize language function more accurately in both cere-

bral hemispheres.

It can be hypothesized that while performing cognitive

tasks in fMRI, the nodes within the cognitive networks

involved during the task implementation in the brain

demonstrate the causal influence on each other through

effective functional connectivity. Effective connectivity can

be measured by fMRI and dynamic causal modeling

(DCM) as one of the most common methods for calcu-

lating and modeling the effective neural communication

between brain regions and networks.12,13 Several studies

have examined the effect of TLE on the performance of

memory and language networks using fMRI14–16 including

encoding and retrieval of abstract images, visual scenes,

faces, words, object location, and spatial navigation

tasks.14,15,17–19 Several investigations have also used the

DCM method to map the memory or language

networks.15,16,20

Despite the promising results of these studies, fMRI

activation analysis that examined the whole brain does

not provide information about the connectivity of these

regions. Based on previous research, the primary struc-

tures involved in episodic memory include the hippocam-

pus, parahippocampus, entorhinal cortex, and perirhinal

cortex, all of which are structures found in the temporal

lobe of the cerebrum. It also includes the prefrontal cor-

tex, precuneus, angular, and subcortical areas.21,22 In

addition, some structures in the mesial temporal lobe are

more involved in memory encoding and some in retrieval

phases. Visuospatial (nonverbal) memory is a cognitive

process in everyday life and refers to the storage and tran-

sient manipulation of the visual information and spatial

location of the object, followed by its retrieval.23 The lit-

erature supports the mediation of mesial temporal struc-

tures (usually in the right hemisphere) in visuospatial

memory.24 Verbal memory, on the contrary, deals with

the materials such as words and letters, that are primarily

coded linguistically and maintained by a rehearsal process

involving a subvocal sequential generation of memory

items.25 Language is conveyed over an extensive network

of multiple functional areas to the frontal, temporal, and

parietal lobes in both cerebral hemispheres. Broca’s area

and Wernicke’s area have long been recognized as essen-

tial language centers. Further evidence has shown that

other secondary and tertiary anatomical brain areas are

also involved in language, including the supplementary

motor area (SMA) and pre-SMA areas, dorsolateral pre-

frontal cortex, temporal pole, and middle and inferior

temporal regions.26–28 Several different word generation

tasks are suitable to examine language networks, whereby

language-associated memory, as well as other linguistic

and cognitive processes, can also be assessed using task

categories for the free generation of several words per

trigger.29 We, therefore, implemented different memory

and language mapping protocols to study different aspects
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of such network-based reorganization by DCM. Based on

this, four functional tasks were evaluated for each of the

networks. Specifically, word encoding, picture encoding,

word retrieval, and picture retrieval tasks were examined

for memory mapping. In contrast, verbal fluency, seman-

tics, passive listening, and word generation were evaluated

for language mapping.

Previous fMRI/DCM research works have employed a

limited number of brain regions within the memory and

language networks to perform causal modeling and deter-

mine effective connectivity. Also, DCM studies are mainly

using resting state fMRI data, which is not as sensitive

and specific to special fMRI cognitive tasks. These cer-

tainly preclude a thorough evaluation of these networks

and an understanding of the functional alterations as the

mechanism of the implementation of these functions.

Assuming all abovementioned nodes are maximally

involved in the implementation of memory and language

tasks (depending on the specific task to excite different

regions among them with different weighted contribu-

tions), we implemented DCM to quantify the causal asso-

ciation of all nodes that are possibly involved in the

implementation of memory and language tasks inside the

brain and their functional alterations. We aimed to assess

the reorganization of memory and language networks

occurring due to TLE in terms of temporal and extratem-

poral directional connections. We evaluated the potential

of dynamic causal modeling to extend our understanding

of the mechanisms of alteration in memory and language

networks in TLE patients and to identify biomarkers for

lateralization of seizure onset.

Materials and Methods

Subject characteristics

This research was reviewed and approved by the Research

Ethics Board (Institutional Review Board, IRB) of the

Tehran University of Medical Sciences. Patients with

severe cognitive impairment or other neurological diseases

were excluded from the study. The patients with severe

cognitive impairments at a level of preventing participa-

tion in the full structural, diffusion, or functional MRI

study were also excluded. Thirty-five individuals with

TLE (males: females, 16:19; left TLE: right TLE: 21:14; age

range: 17–54 y; average age: 30.4 y) were recruited.

Twenty-seven cases were identified with clear indications

of mesial temporal sclerosis (MTS) (MR-positive), while

eight cases did not have a clear sign of MTS based on

MRI (MR-negative). Verbal intelligence quotient (VIQ)

and performance intelligence quotient (PIQ) were also

reported for TLE patients. Seventeen neurologically

healthy control (HC) subjects (males: females, 8:9; age

range: 20–42 years; average age: 28 years) were included

(Table 1). All volunteers signed informed consent to par-

ticipate in the study. Fourteen patients underwent surgical

resection and achieved an Engel I outcome after 1 year,

confirming the reliability of our criteria for establishing

the epileptogenic side.

Image acquisition

All subjects were scanned using a 3-Tesla Siemens Magne-

tom Prisma MRI (Siemens Prisma, Erlangen, Germany)

and a 64-channel phased-array head coil, with the soft-

ware version of “Syngo MR E11” running at the machine.

Anatomic images were acquired using an inversion

recovery MPRAGE (Magnetization Prepared—Rapid Gra-

dient Echo Inversion Recovery) protocol. 3-D anatomical

images were acquired for clinical diagnosis, including

transverse T1-weighted images (TR = 1840 ms, TI =
900 ms, TE = 3.47 ms, flip angle = 8°, matrix = 256 9

256, slice thickness = 1.0 mm), in-plane resolution =
1.0 9 1.0 mm2, pixel bandwidth = 250 Hz/pixel. T2-

FLAIR images were also acquired using 3D-T2-SPACE

(Sampling Perfection with Application optimized Con-

trasts using different flip angle Evolution) with imaging

parameters of TR = 5000 ms, TI = 1800 ms, TE =
260 ms, flip angle = 120°–175°, voxel size = 1.0 9

1.0 9 1.0 mm, matrix = 256 9 256.

Functional MRI and gradient-echo planar images were

acquired, providing blood oxygen level-dependent con-

trast with imaging parameters: Voxel size = 2.8 9 2.8 9

2.4 mm, Resolution—iPAT, PAT mode GRAPPA, Accel.

Table 1. Summary table of participant characteristics.

Characteristic Left TLE Right TLE

P-

Value

Sample size 21 14 –

Sex (M/F) 10/11 8/6 0.73‡

Age (year), mean � STD

[range]

31.9 � 8.2

[17–54]

26.8 � 6.2

[17–36]

0.059*

Onset Age (years),

mean � STD [range]

10.8 � 8.2

[0.5–29]

9.4 � 9.4

[0.5–28]

0.6*

VIQ 97.6 � 21

[60–139]

90.8 � 23

[73–120]

0.22*

PIQ 93.3 � 8.4

[79–115]

85.3 � 9 [72

–105]

0.087*

Note that PIQ and VIQ were lower in RTLE compare to LTLE but not

significantly different between the two groups (P-value = 0.22 for VIQ

and P-value = 0.087 for PIQ). This could be due to the limited

sample size.

PIQ, performance intelligence quotient; VIQ, verbal intelligence

quotient.
‡Fisher’s exact test.

*Two-sample t-test.
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factor PE = 2, Ref. lines PE = 24, SNR = 1.00,

Slices = 53, Dist. factor = 0%, Phase enc. dir. A ≫ P,

FoV read = 220 mm, FoV phase = 100.0%, Base

resolution = 80, Phase resolution 100%, Slice

thickness = 2.4 mm, TR = 3000 ms, TE = 30.0 ms,

Averages = 1, Filter Prescan Normalize, Fat sat., Recon-

struction Magnitude, number of measurements = 140,

Phase partial Fourier Off, Interpolation Off, Prescan

Normalize On.

Task fMRI protocols

For memory mapping, four tasks were performed,

including word encoding, picture encoding, word

retrieval, and picture retrieval. Visual (nonverbal, pic-

tures) and verbal (words) stimuli were visually presented

during a single scanning session.30 The fMRI paradigm

consisted of alternating blocks of words as verbal stimuli

and pictures as visual stimuli, with each of the 14

blocks. Each word block consisted of six words with a

length between two and eight characters presented on

screen for 18 s, followed by 12 s of a blank screen. In

each word block, all words were either abstract or con-

crete, which took random turns in the next block. Each

picture block consists of six pictures being presented on

screen again for 18 s, followed by 12 s of a blank screen

(Fig. 1). In each picture block, all pictures were either

general scenes or nameable objects, which took a turn in

the next block. To keep the participants engaged with

full attention, they were instructed to indicate with a

button press if they liked a word or picture. They were

also asked to memorize the words for a delayed retrieval

task following the encoding, where the memory was

evaluated with a “seen”/“unseen” question. The 70

words/pictures presented during the encoding task were

presented again intermixed with 42 new words/pictures

as foils.

For language mapping, four tasks were performed,

including visual-verbal fluency, semantic visual, passive

listening, and word generation. The fMRI paradigm con-

sisted of alternating blocks. For semantic visual, 14 blocks

preceded, each presented on screen for 24 s, followed by

24 s on a blank screen. For verbal fluency, passive listen-

ing, and word generation, 5, 4, and 4 blocks preceded,

respectively, each block presented on screen for the 30 s,

followed by 30 s on a blank screen.

Preprocessing of functional MRI data

After reconstruction of the raw functional data, the first

four images (first rest block- 12 sec) of each run were

discarded to allow stabilization of the BOLD signal. Slice

timing correction was done for the remaining volumes.

Rigid body motion correction was applied by realigning

to the session’s first functional image, followed by spatial

smoothing using a 6 mm full-width half-maximum

(FWHM) Gaussian kernel. Using the normalization

parameters estimated by the T1 structural image, the rea-

ligned functional volumes (voxel size [3, 3, 3]) were spa-

tially normalized to the Montreal Neurological Institute

(MNI) space DPARSF 4.3 (http://rfmri.org/dpabi) run-

ning in Matlab (version R2018b; The MathWorks, Natick,

MA, USA).

Region of interest selection and time series
extraction

The structures evidenced to be involved in the episodic

memory and language processing (see in the introduc-

tion) were used as the regions of interest (ROIs).22,31,32

For memory processing, the hippocampus, parahippo-

campus, entorhinal cortex, perirhinal cortex, and prefron-

tal cortex21,22; and for language processing, the Broca’s

and Wernicke’s areas, dorsolateral prefrontal cortex, tem-

poral pole, and middle and inferior temporal regions26–28

were considered.

Tables 2 and 3 show the ROIs that were used for mem-

ory and language network analysis, respectively. Figure 2

also shows these ROIs on the brain cortex.

Effective connectivity for task-fMRI analysis

Effective connectivity analysis was performed using the

DCM toolbox implemented in SPM12 (http://www.fil.

ion.ucl.ac.uk/spm/) running in Matlab (version R2021b;

The MathWorks, Natick, MA, USA). To infer direction-

ality and context-dependent modulations, DCM uses

differential equations to model inter-regional interac-

tions. It is a hypothesis-driven modeling method testing

for the effect of a task on and between regions. The

constructed models calibrate the neuronal activity into

hemodynamic responses and estimate the parameters

based on the observed fMRI signal. To apply the DCM

method, a set of models is defined with regions and

their intrinsic connections in the form of a matrix

labeled DCM-A. This is followed by applying task effect

modulations to connections (DCM-B) and regions

(DCM-C). The Bayesian estimation provides estimated

parameters for each model and its subsequent connec-

tion and region as Ep.A, Ep.B, and Ep.C. In this study,

only connection parameters (Ep. A) from the DCM

were used to investigate connectivity patterns for con-

trols and changes in connectivity as a function of TLE

DCM uses a simple (deterministic) neural dynamics

model in a network or graph of interacting brain

regions.
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Statistical analysis

The effective directional connectivity between L-TLE, R-

TLE, and control groups was compared using a one-way

ANOVA test. Then, each pair of groups was compared

using a sample t-test. Left-TLE and right-TLE groups

were compared using ANCOVA, controlling for the age

covariate. The false discovery rate (FDR) algorithm was

used to evaluate multiple comparisons at the 0.05 signifi-

cance level.33 For significant connections with FDR

correction, the effect size was calculated using Cohen’s d

method.

Neuropsychological testing

All participants were assessed using standard cognitive

tests by a trained clinical psychologist and covered execu-

tive functioning, including working memory, selective and

sustained attention, visual recognition memory, manual

reaction time, mental and motor speed, and social

Figure 1. Sample task design for memory and language mapping.
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cognition. The digital cognitive tests were administered

with Cambridge Neuropsychological Test Automated Bat-

tery (CANTAB�; Cambridge Cognition) software. The

Paired Associates Learning (PAL; CANTAB�) task, a test

for assessing visual memory and new learning, and the

Pattern Recognition Memory (PRM; CANTAB�) task, an

examination of visual pattern recognition in a two-choice

forced discrimination paradigm, were used to probe

memory performance. Twelve cognitive test scores (7 PAL

and 5 PRM tests) were obtained. Seven PAL tests include

Total trials, Total errors, Stages completed on the first

trial, Mean trials to success, Mean errors to success, and

First trial memory score. Five PRM tests include Mean

correct latency, Number correct, Percent correct, and

Number incorrect.

Results

Memory mapping DCM results

Using the picture retrieval task, patients with left-TLE

compared with the control group (Bonferroni corrected

P < 0.05) showed hyperconnectivity from L-ANG to L-

THA, R-RSC, and L-RSC and also hypoconnectivity from

L-PHIP to L-P, L-EC to L-P, and R-P and also L-RSC to

MPFC. Patients with right-TLE compared with the con-

trol group (Bonferroni corrected P < 0.05) showed hyper-

connectivity from L-ANG to L-RSC, L-THA, and R-RSC

and from MPFC to R-PRC and also hypoconnectivity

from R-PHIP to L-P and R-P and R-HIP to L-THA.

Comparing Left-TLE with Right-TLE groups (Bonferroni

corrected P < 0.05) indicated hypoconnectivity from L-

RSC to R-PRC, L-HIP to R-HIP, and from L-PHIP to R-

EC (Fig. 3).

Using the picture encoding task, patients with left-TLE

compared with the control group (Bonferroni corrected

P < 0.05) show hyperconnectivity from L-HIP to L-P, R-

P and R-ANG, L-RSC to L-ANG and R-ANG, R-PRC to

L-PHIP, and also hypoconnectivity from MPFC to L-RSC

and L-EC to R-ANG. Comparing right-TLE with the con-

trol group (Bonferroni corrected P < 0.05) shows hyper-

connectivity from L-HIP to L-RSC and R-ANG, L-PHIP

to R-PRC and L-RSC to R-ANG, and also hypoconnectiv-

ity from L-P and L-EC to R-ANG. Comparing left-TLE

with right-TLE groups (Bonferroni corrected P < 0.05)

shows only hypoconnectivity from L-PHIP to R-EC

(Fig. 3).

Using the word encoding task, patients with left-TLE

compared with the control group (Bonferroni corrected

P < 0.05) show hyperconnectivity from L-HIP to R-PRC,

R-EC to L-PRC, L-PRC, and R-PRC to LRSC and hypo-

connectivity from R-ANG to P-RPC and vice versa and

from R-THA to R-EC. Comparing right-TLE with the

control group (Bonferroni corrected P < 0.05) shows

hyperconnectivity from R-PRC to R-RSC and L-RSC, L-

HIP to R-PHIP, and R-RSC to L-ANG, and also hypo-

connectivity from RRSC and L-RSC to L-PRC, L-ANG to

R-PRC. Comparing the left-TLE with a right-TLE group

(Bonferroni corrected P < 0.05) shows hyperconnectivity

from R-ANG to L-PRC and hypoconnectivity from L-

RSC to R-EC and L-HIP (Fig. 4).

Using the word retrieval task, there is no significant

difference between patients with left-TLE compared to the

control group. Patients with right-TLE compared to the

control group (Bonferroni corrected P < 0.05) show

Table 2. Region of interest for memory network.

Number Brain region Abbreviation MNI coordinate

1 Left precuneus L-P �7, �56, 48

2 Right precuneus R-P 10, �56, 44

3 Left hippocampus L-HIP �25, �20, �10

4 Right hippocampus R-HIP 29, �20, �10

5 Left angular L-ANG �44, �60, 35

6 Right angular R-ANG 45, �60, 38

7 Middle prefrontal cortex MPFC 1, 55, �3

8 Left para hippocampus L-PHIP �21, �16, �20

9 Right para hippocampus R-PHIP 25, �15, �20

10 Left perirhinal cortex L-PRC �19, �13, �34

11 Right perirhinal cortex R-PRC 19, �13, �34

12 Left retrosplenial cortex L-RSC �14, �52, 8

13 Right retrosplenial cortex R-RSC 14, �52, 8

14 Left entorhinal cortex L-EC �12, �2, �29

15 Right entorhinal cortex R-EC 12, �2, �29

16 Left thalamus L-THA �11, �17, 8

17 Right thalamus R-THA 13, �17, 8

Table 3. Regions of interest for language network.

Number Brain region Abbreviation MNI coordinate

1 Left posterior middle

temporal gyrus

L-PMTG �56, �34, �2

2 Left inferior frontal gyrus,

pars triangularis

L-IFG_PT �50, 28, �2

3 Left middle temporal

gyrus

L-MTG �62, �44, 6

4 Left posterior

supramarginal gyrus

L-PSG �60, �50, 10

5 Left inferior frontal gyrus,

pars opercularis

L-IFG_PO �54, 18, 18

6 Left temporal pole L-TP �54, 6, �18

7 Superior frontal gyrus S-FG_1 �4, 16, 62

8 Superior frontal gyrus S-FG_2 �6, 30, 58

9 Right posterior superior

temporal gyrus

R-PSTG 52, �36, 2

10 Frontal pole FP �8, 48, 42

11 Left middle frontal gyrus L-MFG �42, 4, 56

12 Right temporal pole R-TP 52, 12, �18
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hyperconnectivity from L-PRC to R-EC and hypoconnec-

tivity MPFC to L-RSC and R-RSC. Comparing the left-

TLE with a right-TLE group (Bonferroni corrected

P < 0.05) shows hyperconnectivity from L-THA to L-

PRC and REC (Fig. 4).

All effect sizes were larger than 1, considered as large.

For the significant connections between Left-TLE and

Right-TLE groups, we represented bar plots for each con-

nection in each Left-TLE, Right-TLE, and HC group in

Figure 5.

Language mapping DCM results

Using a passive listening task, patients with left-TLE com-

pared with the control group (Bonferroni corrected

P < 0.05) show hyperconnectivity from L-MFG to SFG_2

and hypoconnectivity from L-PMTG to R-PSTG, L-

IFG_PT to L-TP, L-IFG_PO to L-TP and R-TP to L-

PMTG. Patients with right-TLE compared with the con-

trol group (Bonferroni corrected P < 0.05) show hyper-

connectivity from L-MTG to FP and hypoconnectivity

from L-PSG to R-TP, L-PSG to L-MTG, and R-TP to L-

PSG. There is no significant difference between the left-

TLE and right-TLE groups (Bonferroni corrected

P < 0.05) (Fig. 6). Since the MNI coordinate for the left

posterior superior temporal gyrus (�56 �34 �2) is very

close to the MNI coordinate for the L-PMTG (left poste-

rior middle temporal gyrus) (52–36 2), an ROI sphere

with the radius of 8 mm will merge it into the L-PMTG,

that actually contains “left posterior superior temporal

gyrus”.

Using semantic task, patients with left-TLE compared

with the control group (Bonferroni corrected P < 0.05)

show hyperconnectivity from R-TP to FP and hypocon-

nectivity from L-MTG and L-PSG to R-TP. Patients with

right-TLE compared with the control group (Bonferroni

Figure 2. Memory and language network nodes. FP, Frontal pole; L-ANG, left angular; L-EC, left EC; L-HIP, left hippocampus; L-IFG_PO, left

inferior frontal gyrus, pars opercularis; L-IFG_PT, left inferior frontal gyrus, pars triangularis; L-MFG, left middle frontal gyrus; L-MTG, left middle

temporal gyrus; L-PHIP, left Para Hippocampus; L-PMTG, left posterior middle temporal gyrus; L-PRC, left PRC; L-PSG, left posterior supramarginal

gyrus; L-RSC, left RSC; L-THA, left thalamus; L-TP, left temporal pole; MPFC, middle PFC; R-ANG, right angular; R-EC, right EC; R-HIP, right

hippocampus; R-PHIP, right para hippocampus; R-PRC, right PRC; R-PSTG, right posterior superior temporal gyrus; R-RSC, right RSC; R-THA, right

thalamus; R-TP, right temporal pole; SFG_1, superior frontal gyrus; SFG_2, superior frontal gyrus.
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corrected P < 0.05) show hypoconnectivity from LMTG

to R-TP and vice versa. There is no significant difference

between the left-TLE and right-TLE groups (Bonferroni

corrected P < 0.05) (Fig. 6).

Using the verbal fluency task, patients with left-TLE

compared with the control group (Bonferroni corrected

P < 0.05) show hyperconnectivity from L-IFG_PO and L-

IFG_PT to SFG_2. Patients with right-TLE compared

with the control group (Bonferroni corrected P < 0.05)

show hypoconnectivity from L-MTG to R-TP and vice

versa. There is no significant difference between the left-

TLE and right-TLE groups (Bonferroni corrected

P < 0.05) (Fig. 6). Using the word generation task, there

is no significant difference between any of the groups

(Fig. 6).

All effect sizes were larger than 1 (considered a large

effect size).

For more explanation about the FDR correction on sig-

nificant connections on both memory and language con-

nectivity results, the hypo- and hyperconnections and

Figure 3. Result of significant difference in effective connectivity between left-TLE, right-TLE, and control groups using memory mapping tasks in

picture encoding and retrieval tasks. L-ANG, left angular; L-EC, left EC; L-HIP, left hippocampus; L-PHIP, left para hippocampus; L-PRC, left PRC;

L-RSC, left RSC; L-THA, left thalamus; MPFC, middle PFC; R-ANG, RIGHT ANGULAR; R-EC, right EC; R-HIP, right hippocampus; R-PHIP, right para

hippocampus; R-PRC, right PRC; R-RSC, right RSC; R-THA, right Thalamus.
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marking the ones that survived FDR and ones that did

not survive mentioned in Tables S1 and S2 of the Supple-

mentary materials.

CANTAB PAL and PRM

Figure 7 shows a box plot that compares the CANTAB

tests between two left and right TLE groups. PAL Stages

were completed on the first trial, and PRM Mean correct

latency showed a significant difference (P < 0.05) between

the two right and left TLE groups.

We performed a correlation analysis to examine the

independent influence of each of the cognitive test

variables on connectivity parameters. In both TLE groups,

robust correlations between the value of directional con-

nections and cognitive test performance were observed in

some memory tasks. In the picture encoding task (Fig. 8),

for the left TLE group the connection from R-HIP to R-

HIP displayed a significant negative correlation with PAL

total trial, PAL Mean trial to success, PAL Mean errors to

success (r = �0.65, P = 0.02; r = �0.66, P = 0.04;

r = �0.56, P = 0.01, respectively) and the connection

from R-RSC to R-RSC displayed a significant negative

correlation with PAL Mean errors to success (r = �0.6,

P = 0.02). In the picture retrieval task (Fig. 8), in the left

TLE group the connection from L-HIP to R-HIP

Figure 4. Result of significant difference in effective connectivity between left-TLE, right-TLE, and control groups using memory mapping tasks in

word encoding and retrieval tasks. L-ANG, left angular; L-EC, left EC; L-HIP, left hippocampus; L-PHIP, left para hippocampus; L-PRC, left PRC; L-

RSC, left RSC; L-THA, left thalamus; MPFC, middle PFC; R-ANG, right angular; R-EC, right EC; R-HIP, right hippocampus; R-PHIP, right para

hippocampus; R-PRC, right PRC; R-RSC, right RSC; R-THA, right thalamus.
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displayed a significant negative correlation with PAL total

trial and PAL mean trial to success (r = �0.53, P = 0.03;

r = �0.45, P = 0.03, respectively). Moreover, for the right

TLE group the connection from L-HIP to R-HIP dis-

played a significant positive correlation with PAL total

trial and PAL mean trial to success (r = 0.43, P = 0.03;

r = 0.43, P = 0.03, respectively). Furthermore, for the

same group, the connection from L-PHIP to R-EC dis-

played a significant positive correlation with PAL total

trial, PAL total error, PAL mean trial to success, and PAL

Mean errors to success (r = 0.45, P = 0.03; r = 0.55,

P = 0.03; r = 0.55, P = 0.01; r = 0.45, P = 0.03,

respectively).

In the word encoding task (Fig. 9), for the left TLE

group the connection from R-RSC to L-ANG displayed a

significant negative correlation with PAL total trial, PAL

Figure 5. Bar graph for significant connection between Left-TLE and Right-TLE groups for memory mapping tasks. Red graphs represent the Left-

TLE group, yellow graphs represent the Right-TLE group and blue graphs represent the HC group.

Figure 6. Result of significant difference in effective connectivity between left-TLE, right-TLE, and control groups using language mapping task.

FP, frontal pole; L-IFG_PO, left inferior frontal gyrus, pars opercularis; L-IFG_PT, left inferior frontal gyrus, pars triangularis; L-MFG, left middle

frontal gyrus; L-MTG, left middle temporal gyrus; L-PMTG, left posterior middle temporal gyrus; L-PSG, left posterior supramarginal gyrus; L-TP,

left temporal pole; R-PSTG, right posterior superior temporal gyrus; R-TP, right temporal pole; SFG_1, superior frontal gyrus; SFG_2, superior

frontal gyrus.
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total error, PAL means trial to success, and PAL mean

error to success (r = �0.45, P = 0.004; r = �0.55,

P = 0.03; r = �0.55, P = 0.001; r = �0.45, P = 0.03,

respectively), the connection from R-EC to L-PRC dis-

played a significant negative correlation with PRM per-

cent correct (r = �0.47, P = 0.001) and the connection

from R-PRC to L-RSC displayed a significant negative

correlation with PAL mean trial to success (r = �0.53,

P = 0.03). Finally, in the word retrieval task for the left

TLE group, the connection from LTHA to REC signifi-

cantly negatively correlated with the PAL total trial

(r = �0.53, P = 0.02).

Discussion

In the present study, we investigated the functional prop-

erties of memory and language networks in TLE patients.

To this end, we applied the DCM method to examine

four memory tasks including encoding and retrieval of

words and pictures, and four language tasks including

passive listening, visual-verbal fluency, semantic, and

word generation. Our findings show that TLE is associ-

ated with bilateral alterations in both memory and lan-

guage networks.

Altered functional connectivity in the
memory network

In the encoding tasks, the number of significant direc-

tional connections with hyperconnectivity in TLE

patients, compared with the control subjects, was higher

than in retrieval tasks involving pictures and words. This

indicates an extensive reorganization of the memory net-

work in the encoding process and a degradation of the

memory retrieval process in TLE patients.

Compared with the control subjects, in the picture

encoding task, the hyperconnectivity in TLE patients

mainly originated from the left areas expanding to both

left and right regions (ipsilateral and contralateral). Nota-

bly, LHIP is one of the most effective sources of hyper-

connectivity. This finding is consistent with previous

studies reporting increased connectivity in the hippocam-

pus in memory impairment,21,34,35.

Despite an increase in connectivity observed in both

left and right TLE groups compared with the control

group, left TLE patients showed a remarkable decrease in

connectivity from L-PHIP to R-EC compared with the

RTLE group. This decrease suggests contralateral hypo-

connectivity in left TLE patients compared to the RTLE.

Since the right side of the brain is more involved in

visuospatial (nonverbal) memory,24 our findings showed

that memory reorganization in picture encoding is repre-

sented in the form of hyperconnectivity from the left side

to the other areas.

In the picture retrieval task, the hyperconnectivity,

especially in right TLE patients, originated from the

LANG in the prefrontal cortex and extended from this

region to the other areas. While other investigators have

also reported the intervention of prefrontal areas in the

memory network,15,16,36,37 our results showed that this

effect is initiated from the left hemispheric areas to the

other intracranial regions. Also, our finding suggests an

ipsilateral hypoconnectivity in PHIP. Namely, in left TLE

patients, hypoconnectivity was seen from the L-PHIP to

LP, whereas in right TLE patients, it was observed from

the R-PHIP to LP. These results were also in agreement

with the previous studies reporting the effect of PHIP on

the memory retrieval process.38–40 In particular, our work

showed that directional connectivity from PHIP to L-P

has decreased, indicating a reduced capacity of TLE

patients in the memory retrieval process.

These results further indicate that PHIP hypoconnectiv-

ity was associated with the seizure foci. Comparison of

left and right TLE patients also showed a bilateral hypo-

connectivity in the HIP and PHIP areas. This hypocon-

nectivity, which was seen from the left to the right brain

hemisphere in left TLE patients and occurred in the

opposite direction in the right TLE patients, confirmed

Figure 7. Box plot representation of CANTAB PAL and PRM tests

with a significant difference between left and right TLE groups. The

red stars denote significant differences between the two groups (t-

test P-value < 0.05). L, left TLE group; PAL SCFT, PAL stages

completed on the first trial; PRM MCL, PRM mean correct latency; R,

right TLE group.
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the role of HIP and P-HIP in the memory retrieval pro-

cess. These connections may be therefore used as bio-

markers for the lateralization of TLE patients.

In the word task, the significantly altered connections

occurred more prominently in the right TLE group com-

pared with the left TLE group. In the right TLE group,

the hyperconnectivity was more pronounced in the right

hemisphere. In the both right and left TLE groups, our

findings showed hyperconnectivity extending from the

LHIP to the other intracranial regions.

In verbal memory task, due to the participation of lan-

guage areas, the left side of the brain was found to be

more involved. Our findings showed that the memory

reorganization in word encoding is represented in the

form of hyperconnectivity from the right brain’s hemi-

sphere to the other intracranial areas.

In word retrieval, connectivity from the MPFC to L-

RSC and R-RSC plays an essential role in the right TLE

group. In comparing left and right TLE groups, the

hyperconnectivity seen from the L-THA to L-PRC may be

Figure 8. Correlation between significant connections between the left and right TLE groups and CANTAB PAL and PRM tests in picture

encoding and retrieval tasks. Only correlations that have significant linear relations are represented. Blue colors and green colors are related to the

left and right TLE groups, respectively. LHIP, left hippocampus; LPHIP, left parahippocampus; REC, right entorhinal cortex; RHIP, right

hippocampus.
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potentially used as a biomarker for TLE lateralization. In

the word encoding task, an increase in connectivity from

L-THA to L-PRC was observed. On the contrary, compar-

ing the left and right TLE groups concerning the picture

task, the hypoconnectivity of the HIP and PHIP played a

leading role, while in the word task, the hyperconnectivity

of ANG and THA showed a dominant effect.

Altered functional connectivity in the
language network

The nodes of the language network are primarily located

in the left hemisphere, but several studies have shown the

involvement of the right hemispheric areas in the lan-

guage network, especially in cases of left TLE. Accord-

ingly, we chose some nodes in the right hemisphere in

DCM analysis. Our results based on DCM analysis indi-

cate that the connections between the right and left hemi-

spheres are significantly reduced. A hypoconnectivity was

found between the right hemisphere and the Wernicke

area, indicating the compromised and reduced influence

of the right hemisphere over speech production in TLE

patients.

In passive and semantic tasks, a comparison of the left

and right TLE groups against the control group showed a

decrease in connectivity, with the connections often

formed from the left to the right areas.

In all passive, semantic, and verbal fluency tasks, the

involvement of frontal areas was observed in the left TLE

group. Performance of the passive tasks was associated

with a decrease in the connectivity from Broca’s area to

the left temporal region, whereas for the verbal fluency

Figure 9. Correlation between significant connections between the left and right TLE groups and CANTAB PAL and PRM tests in word encoding

and retrieval tasks. Only correlations that have significant linear relations are represented. Blue colors and green colors are related to the left and

right TLE groups, respectively. LANG, Left angular; LPRC, left perirhinal cortex; LRSC, left retrosplenial cortex; LTHA, left thalamus; REC, right

entorhinal cortex; RRSC, right retrosplenial cortex; RPRC, right perirhinal cortex.
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tasks, there was increased communication between Bro-

ca’s area and the frontal lobe regions. In all passive,

semantic, and verbal fluency tasks, the right TLE group

displayed a decrease in the connectivity between Wer-

nicke’s area and R-TP.

Relation of functional connectivity and
psychological tests

About both the encoding and retrieval processes, a signifi-

cant linear negative correlation was observed between the

connectivity of the left TLE group and CANTAB test

results, whereas a positive correlation was seen between

the connectivity of the right TLE group and CANTAB test

results. These significant correlations were associated with

the PAL error and the PAL trial factors, where an increase

in the corresponding scores indicates a decrease in mem-

ory performance.

This CANTAB score increase was related to reducing

the directional connectivity in the left TLE group. The

decrease in connectivity in the picture retrieval task was

associated with the effect of LHIP on RHIP. This find-

ing was in agreement with findings in previous sections

of reduced hippocampal connectivity in picture retrieval.

In addition, it showed that in LTLE patients, poor

memory function leads to a decrease in hippocampal

connections from the left to the right hemisphere. In

the word encoding task, this decrease in connectivity

was associated with the effective connection from the

RPRC on the LANG, both of which are involved in

word processing.

The positive correlation of PAL CANTAB scores and

connectivity measures in the right TLE group, the

increased connectivity was associated with an outperfor-

mance of the memory. This increase in connectivity in

the picture retrieval task was associated with the effective

connection from the LHIP to RHIP and from the LHIP

to REC. These findings suggested a reorganization of

memory in RTLE patients perturbed by increased interhe-

mispheric connectivity.

Limitations and future works

One of the distinctions between our work and previous

studies about the application of the DCM method is the

examination of more regions within the memory and lan-

guage networks in the DCM analysis. However, this

approach limits the study of different models to deter-

mine the effects of tasks on different regions and connec-

tions based on the given model. Given the extensive

number of regions and the myriad of potential connectiv-

ity, we chose to focus on the proposed model based on

the entire connections in both memory and language

networks. In our future studies, we intend to reduce the

number of regions to compare several relevant models

concerning different tasks.

Conclusion

Dynamic causal modeling of memory and language func-

tional networks indicated the overt increase in brain con-

nectivity detected by the encoding tasks and its relative

decrease seen by the retrieval tasks reveals an interesting

aspect of the performance of the memory network in

TLE. Interestingly, the hyperconnectivity in encoding

tasks was from the contralateral side of brain involvement

in nonverbal (mostly right) and verbal (mostly left) mem-

ory. In the picture encoding task, this hyperconnectivity

was mainly from the left side to the other regions, and in

the word encoding task from the right side to the other

regions. Hypoconnectivity in the retrieval tasks was from

the contralateral side concerning TLE laterality. It is also

noteworthy to emphasize the role of brain regions in the

right hemisphere in the language network and the reduc-

tion of the connectivity between the brain hemispheres

in TLE.
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